The possibility of drug delivery and retention in cells due to hydrogen bond formation between enriched nanodiamonds and highly toxic drugs (for example doxorubicin), is investigated by numerical simulation. Using molecular modeling by the density functional theory method with the B3LYP functional and the 6-31G(d) basic set, we analyze hydrogen bond formation and their influence on IR-spectra and structure of molecular complex which is formed due to interaction between doxorubicin and nanodiamonds enriched by carboxylic groups. Numerical modeling of carboxylated nanodiamonds and doxorubicin interaction is based on nanodiamond representation by a diamond-like nanoparticle with simpler structure. Enriched adamantane (1,3,5,7-adamantanetetracarboxylic acid) is used as an example of carboxylated diamond-like nanoparticle. Combined IR spectrum as imposing of IR spectra for doxorubicin and 1,3,5,7-adamantanetetracarboxylic acid various interaction positions is obtained. The combined IR spectrum demonstrates good agreement with experimental data. The obtained results demonstrate that there can be strong hydrogen bonds between doxorubicin and nanodiamond as one of basic mechanism for drug delivery and retention in cells.
Introduction
Detonation nanodiamond (ND) is one of most promising materials for targeted drug delivery [1] [2] [3] -one of rapidly developing areas of modern chemistry, pharmacology and medicine. Wide possibilities for surface modification and advantageous dimensions make nanodiamonds very attractive objects for use in the drug delivery process. Many experimental studies are devoted to increasing the efficiency of tumor treatment by using drugs in combination with nanodiamonds [4] [5] [6] [7] [8] [9] [10] [11] [12] . It is nontoxic, biocompatible and able to overcome biological barriers, penetrating into the cells [10] . For the immobilization of drugs on ND surface are commonly used an adsorption [11] and covalent grafting [8, 12] 
methods.
A number of studies have shown that therapeutic efficacy of drugs is enhanced and their toxicities may be attenuated with immobilization on ND. Such studies are: investigation of amikacin-immobilized ND antibacterial activity [8] , enhance of drug retention in cancer cells due to ND-mitoxantrone molecular complexes [13] , flavonoids transport due to diamond-like nanoparticles [14] , enhance therapeutic efficacy of doxorubicin due to ND [9, 15] and many other studies (see, for example, reviews [4] and [6] ).
As noted above, the most popular methods of drug immobilization on ND surface are adsorption and covalent grafting, but also there is one more simple immobilization method -creation of molecular complex due to hydrogen bond formation, that is due to electrostatic interaction. One of example for drug and ND electrostatic interaction analysis is doxorubicin (DOX) (C 27 H 29 NO 11 ). It is one of the most well-known and widely used drugs for the treatment of cancer. Unfortunately, DOX, like most anticancer drugs, is toxic. Doctors must limit the dose administered since doxorubicin can cause major side effects such as hair loss, nausea [16] , and weakening of the heart muscle over time (cardiomyopathy) [17] . Significant reduction in side effects can be achieved by increasing the efficiency of the mechanism for drug delivery to tumor cells.
Theoretical investigation of DOX and ND electrostatic interaction and analysis of DOX-ND molecular dynamic depending on a pH-factor was conducted in [15] , where in modeling process used a bare ND. However, in real nature experiments usually used an enriched ND, containing various functional groups as -COOH, -CONH, -OH, -CO, -NH 2 , -SH, -CH 2 , -H, etc. (see, for example, [6] ). The enriched ND surface promotes strengthening of the intermolecular interactions that, as a result, causes increase in the drug delivery efficacy.
Experimental studies of DOX and enriched ND molecular complexes, formed as a result of electrostatic interaction, demonstrate a significant enhancement of DOX therapeutic efficacy [9] . In this article conclusion, it is said that the effect of DOX enhancement is found, but the mechanism of its emergence is not explained. Theoretical studies of DOX and ND intermolecular interaction will be able to offer an explanation for this mechanism, but now investigation of DOX and ND electrostatic interaction and analysis of hydrogen bonds formation in DOX-ND molecular complex have not been carried out. For this reason, such study is quite relevant as attempt of an explanation of DOX efficacy enhancement mechanisms.
Thus, the aim of present work is investigation of hydrogen bond formation between DOX and COOH-enriched ND by analysis of calculated IR spectra and optimized structures of formed molecular complexes. ND are a means of drug retention in cancer cells. Energy of formed hydrogen bonds will define a use possibility for ND as tool of drug delivery and retention in cells due to electrostatic interaction mechanism.
Molecular modeling
Molecular modeling was executed by numerical simulation based on the density functional theory [18] , in particular, on the B3LYP functional method [19] . In B3LYP method there is representation of the molecular orbital as a linear combination of linearly independent functions, which are called basis functions. For numerical simulations, we used split-valence basis sets. These sets are characterized by high accuracy, which is achieved by the valence orbital representation by two sets of functions. The notation for the split-valence basis sets is typically M -NPG, where M denotes the number of primitive Gaussian functions which are included in the basis function of atomic orbital (M takes values from 3 to 6), the N and P show that the valence orbital are composed of two basis functions each, the first one composed of a linear combination of N primitive Gaussian functions (N is typically equal to 2 or 3), the other composed of a linear combination of P primitive Gaussian functions. In present work we use the split-valence 6-31G(d) basis set. Obviously, the atomic orbital of the inner electron shell is approximated by six Gaussian functions. Orbital of the valence shell is described, respectively, three and one Gaussian functions. For numerical modeling of intermolecular interaction in molecular compound we used the Gaussian 09 program complex [20] , which is traditionally applied for investigations in various areas of computational physics and chemistry and approved by the authors in [14] and other investigations.
Procedures of molecular modeling and spectra calculations require a large amount of computational resources and time depending on the structure complexity of molecules, which form the compound, and on the total number of atoms in the complex. The typical ND has diameter of ∼ 4 to 40 nm [4, 6] and includes more than 1000 atoms. Therefore, the modeling of real ND and DOX interaction at the level of studying the possibility of intermolecular bond formation is very difficult for personal computers. For this reason, the question arises concerning the possibility of using small size diamond-like nanoparticles, which would be similar to large size nanodiamonds in their characteristics and intermolecular interaction capabilities.
In the process of molecular modeling by numerical simulations, we used a model based on the simplest diamondoid, adamantane. Adamantane (C 10 H 16 ) is the smallest diamond-like hydrocarbon particle. The spatial arrangement of carbon atoms in adamantane molecule is the same as in the diamond crystal. This structure is the basic "building" block for larger diamond-like structures [21] . In present work, we consider the modified adamantane, named 1,3,5,7-adamantantetracarboxylic acid (AdTCA) (C 14 H 16 O 8 ), which contains 4 carboxylic (-COOH) groups [22] . The modified structure is resulted from the substitution of 4 hydrogen atoms for carboxylic groups in original adamantane. To assess the possibility of using AdTCA as an object that approximates a largesize carboxylated ND, we also calculated IR spectra for 1 nm diameter ND (C 88 H 64 O 8 ) enriched by 4 carboxylic groups. The chemical structures of adamantane, AdTCA and 1 nm diameter ND are presented on Fig. 1 .
In order to account for anharmonicity in intermolecular interactions, we used the following scaling factors for resulted vibrational modes: 0.9713 (range 0 -1000 cm −1 ); 0.9744 (range 1000 -2000 cm −1 ); 0.956 (range above 2000 cm −1 ). These factors are used to decrease the divergence between calculated and experimental data, which is caused by using the harmonic approximation in numerical simulations.
Results and discussion
In our investigations, we based our work on experimental results obtained in [9] . In this work, the ND-DOX molecular complex was obtained using a novel adsorption technique developed with a pH 8.5 coupling buffer. Follow the experimental results [9] , we consider a ND-DOX molecular complex in crystal phase. As is shown in our preliminary calculation results, all hydrogen bonds are present in an aqueous phase, but their energy becomes a little less than in a crystal phase, and their investigation is not a subject for research in this article.
The structure of DOX molecule and the calculated IR spectrum of DOX in comparison with the experimental IR spectrum of DOX, taken from work [9] , are shown in Figs. 2a and 2b , respectively. Peaks in the high-frequency region of the calculated IR spectrum (1 -5 on In the calculated IR spectrum of AdTCA (Fig. 3, lower) , there are four characteristic regions which correspond to stretching vibrations of C-O and C-C bonds (1000 -1200 cm (Fig. 3, center) and the experimental IR spectrum of carboxylated ND (Fig. 3, upper) . However, the procedures of structure optimization and spectra calculations AdTCA require much less computational time than the calculation of 1 nm diameter ND.
Thus, the high level of consistency of the characteristic regions in considered spectra and a smaller amount of the required computational time allows the use of AdTCA as an object that approximates a large-size carboxylated ND at the level that allows qualitative estimation of compound formation during molecular modeling.
FIG. 3. Experimental IR spectrum of carboxylated nanodiamond (upper)
, calculated IR spectra of 1 nm diameter nanodiamond (central) and 1,3,5,7-adamantanetetracarboxylic acid (lower) As we spoke above, the sizes of NDs, which are used in scientific experiments with DOX, are from 4 nm and higher [9] , and the width of the DOX molecule is about 1.5 nm, therefore we can assume that the DOX molecule can be attached to the ND at several points simultaneously. The doxorubicin molecule includes five O-H bonds (1 -5 on Fig. 2a) and two N-H bonds, whose hydrogen atoms can theoretically participate in the formation of hydrogen bonds as a donor, as well as eleven oxygen atoms and one nitrogen atom that can participate in the formation of hydrogen bonds as an acceptor. In our studies, we considered possible variants of interaction with all these atoms, but due to the limitations of molecular modeling caused by the structural features of AdTCA and ND and computation mechanism of energy optimization, only six variants of the complexes were obtained. Thus, in our calculations we investigate the parameters of hydrogen bonds, which are formed between AdTCA and DOX at all possible interaction positions. As a result of numerical simulation, we obtained optimized structures and the IR spectra of the six formed molecular complexes (Figs. 4 and 5 ) and analyzed the energy of intermolecular hydrogen bonds (H-bonds).
The energy of H-bonds is investigated by analysis of such parameters as length of a hydrogen bridge and the frequency shift. The energy of hydrogen bonds was estimated using empirical Iogansen formula [23] :
1/2 , where ∆ν -frequency shift of the stretching vibration of O-H bond (∆H in kcal/mol, ∆ν -cm −1 ). According to the optimized structures and calculated IR spectra for six cases of molecular compound (Fig. 4 and Fig. 5 ), it can be noted that in all interaction positions the one H-bond or two H-bonds are formed between AdTCA and DOX.
Two peaks (1 and 2 in Fig. 4a and in Fig. 5c ) at 3207 cm −1 and at 3376 cm −1 for case 1 (Fig. 4a ) and for case 6 -at 3187 cm −1 and at 3362 cm −1 (Fig. 5c ) correspond to stretching vibrations of O-H bond in AdTCA, which participates in the H-bond formation with DOX, and in DOX, which participates in the H-bond formation with AdTCA, respectively. In case 2, there are two formed intermolecular H-bonds between AdTCA and DOX which participate in intermolecular H-bond formation, occur at the same frequency of 3350 cm −1 (1 and 2 in Fig. 4b ). In interaction positions named as cases 3, 4 and 5 ( Fig. 4c and Fig. 5a,b) , only one intermolecular H-bond is formed between AdTCA and DOX. Peaks at 3314 cm −1 for case 3 (1 in Fig. 4c ) and at 3251 cm −1 for case 4 (1 in Fig. 5a ) corresponds to stretching vibrations of O-H bond in AdTCA, which participates in hydrogen bond formation with DOX. Let's note that peak at 2797 cm −1 for case 5 (1 in Fig. 5b ) which corresponds to H-bond formation with nitrogen atom in DOX.
We analyze the H-bonds parameters in six cases of AdTCA-DOX molecular complex to estimate the strength of the formed H-bonds. The calculated parameters, whose analysis provides the estimation of a hydrogen bond's influence on the structure and the IR spectrum, are presented in Table 1 bonds; in the fifth -splitting and shifts of these frequencies in complex formation; in the sixth -formation energies of hydrogen bonds.
According to the data, presented in Table 1 , it should be noted that the strongest hydrogen bond between AdTCA and DOX is formed with participation of O-H bond in AdTCA and nitrogen atom in DOX (case 5), which is expressed in the big frequency shift on 726 cm hydrogen bridge is 2.76Å -the shortest length among all cases of connection AdTCA-DOX. The H-bond energy is 7.857 kcal/mol, which demonstrates the existence of a strong hydrogen bond.
The hydrogen bonds for the majority of AdTCA-DOX molecular complex cases can be characterized as bonds of average force as the frequency shift for them makes size from 173 cm −1 in case 2 to 336 cm −1 in case 6 and bond energy does not exceed 5 kcal/mol. The second H-bond in case 1 can be characterized as weak bond as the frequency shift for it makes 96 cm −1 and the bond energy is 2.245 kcal/mol. Thus, it is possible to note that in AdTCA-DOX molecular complex there can be seven H-bonds of average force, one strong and one weak hydrogen bond what proves existence of the rather strong electrostatic interaction between nanodiamond and DOX.
We compare our results with the experimental IR spectrum of the powder of the nanodiamond-doxorubicin complex taken from [9] . For comparison, we created the combined IR spectrum as imposing of calculated IR spectra for six cases of molecular complexes, corresponded to six interaction positions between AdTCA and DOX (Fig. 6 ).
FIG. 6. Experimental IR spectrum of ND-DOX molecular complex (upper) and combined IR spectrum of six variants of AdTCA-DOX molecular complexes (lower) As can be seen on Fig. 6 , there is the good agreement of the characteristic regions in the experimental and combined IR spectra, in particular, the wide area of stretching vibrations of O-H bonds, which participate in the hydrogen bonds formation (3150 to 3600 cm −1 ) and the peak on 2797 cm −1 , corresponded to stretching vibrations of O-H bond in AdTCA, which participates in hydrogen bond formation with nitrogen atom in DOX. Wide boundaries of the region, which corresponds to stretching vibrations of O-H bonds, indicate a large number of formed hydrogen bonds of various configurations in the experimental nanodiamond-doxorubicin complex, including the considered interaction variants.
Conclusions
During molecular modeling, it was established that AdTCA-DOX molecular complex can occur due to nine hydrogen bonds formed in six various cases for the molecular compound. One of H-bond is strong and seven H-bonds are bonds of average force. Since the sizes of NDs, which are used in scientific experiments with DOX, are from 5 nm and higher, and the width of the DOX molecule is about 1.5 nm, it can be assumed that the DOX molecule can be attached to the ND on several points simultaneously. The combined IR spectrum, with imposing of calculated IR spectra for six cases of molecular complexes, corresponded to six interaction positions between AdTCA and DOX and was created for comparison with experimental IR spectra of ND-DOX molecular complex [9] . We can observe a good agreement between the calculated and the experimental IR spectra, especially in the high-frequency area corresponding to stretching vibrations of O-H bonds, which participate in the intermolecular hydrogen bond formation. This indicates a large number of formed hydrogen bonds in the experimental ND-DOX complex and the stability of compound as a result of electrostatic interaction.
The obtained results demonstrate that there can be strong electrostatic interaction between doxorubicin and carboxylated detonation nanodiamonds. The formed hydrogen bonds can be considered as one of main mechanisms for targeted drug delivery and for drug retention in cells and, thus, for enhancement of doxorubicin therapeutic efficacy, as observed in experiment [9] .
